This study evaluated the effect of surface pretreatments on resin composite bonding to polyetheretherketone (PEEK). Four groups of surface pretreatment (no pretreatment, etched with 98% sulfuric acid, etched with piranha solution and sandblasting with 50 µm alumina) were performed on PEEK. Surface roughness, Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) analysis were examined. Shear bond strength (SBS) and interface characteristics were also evaluated after the specimens were bonded with resin materials. Two-way ANOVA analysis revealed significance on two main effects and interactions. Tukey's multiple comparisons test showed that the SBS of resin composite on PEEK were the highest in the group etched with 98% sulfuric acid and bonded with Heliobond ® (p<0.05). All pretreatments produced similar spectra of FTIR patterns. SEM demonstrated porosities and pitting from chemical etching, which suggested a significant influence on the adhesion between PEEK and resin materials.
INTRODUCTION
Polyetheretherketone (PEEK) is a high-performance thermoplastic polymer with an aromatic ring and semicrystalline linear chain structures, which are connected by ether and ketone functional groups 1) . It has attractive mechanical properties, heat and chemical resistance, good dimensional stability, good biocompatibility and a low elastic modulus close to that of human bone [2] [3] [4] [5] . Moreover, it is also radiolucent and compatible with imaging techniques, such as computed tomography, magnetic resonance imaging and radiography 6, 7) . Its application has extended from the aircraft and automobile industries to biomaterials used in medical implants 8) . Currently, PEEK is introduced for dental applications, such as transitional abutments 9) , healing abutments 10) and dental clasps 11) . It can also be used as an alternative rigid material for removable partial denture prosthesis frameworks 12) and fixed dental prostheses 13) due to its non-metallic color, low weight and high strength. However, greyish color and opacity of PEEK are the main disadvantages, and they limit its usage. Therefore, a veneering layer, using additional resin composites is advocated. Moreover, PEEK has a very inert surface that leads to poor bonding to dental materials 14, 15) . Previous studies have shown that surface pretreatment must be performed to achieve adequate bonding 13, [16] [17] [18] [19] . Most studies recommended the use of airborne-particle abrasion pretreatment with primer adhesives; methylmethacrylate groups, such as ® and Signum PEEK Bond ®20-23) . Other studies suggested that sandblasting and piranha etching improve the adhesive properties 17, 22) . This improvement can be explained by the increased number of functional groups resulting from piranha etching and the increase in surface roughness from sandblasting. The PEEK surface has also been treated with 98% sulfuric acid to improve bonding 13, 16, 19, 24) . It has been hypothesized that sulfuric acid creates a highly porous and permeable surface to provide improved mechanical bonding but no resin tags were found in the referenced study 16) . The new side chain of the sulfonic acid group of the benzene ring in the PEEK can also further react with the methacrylate from the adhesive system 19) . However, the mechanism of the bonding varies and still remains unclear. Information concerning the potential and limitations of this material in bonding to dental materials is scarce. Therefore, the objective of this study was to evaluate the effect of surface pretreatments on resin composite bonding to PEEK. The null hypothesis was that there were no differences in the shear bond strength (SBS) between resin composite and PEEK with different pretreated surfaces.
MATERIALS AND METHODS

Specimen preparation
The compositions and details of the materials used in this study are shown in Table 1 . One hundred and forty four rectangular-shaped PEEK specimens (6×6×2 mm 3 ) were sectioned from a PEEK disk with a low-speed precision diamond saw cutting machine (Isomet ® 1000 precision saw, Buehler, Lake Bluff, IL, USA) under water coolant. These specimens were embedded in an autopolymerizing acrylic resin and polished using a Grinding & Polishing Machine (MoPao 160E, MEGA Advance, Shandong, China) under running water at 150 rotations per min using 400, 800, 1200 and 2000 grit rotating silica carbide (SiC) paper (TOA, Bangsaothong, Samutprakarn, Thailand) for 1 min each. All specimens were cleaned in an ultrasonic machine (Transsonic T700, Elma, Singen, Germany) for 10 min followed by air-drying before surface pretreatments. Specimens were divided into four surface pretreatment groups (n=36). They were: no surface pretreatment [control group], etched with 98% sulfuric acid for 1 min [98% sulfuric acid], etched with piranha, a mixture of 98% sulfuric acid and 30% hydrogen peroxide in a ratio 10:3 for 30 s [piranha solution], and sandblasting with 50 µm alumina oxide particles at 0.2 MPa and at a 10 mm distance for 10 s [sandblasting]. One hundred microliters of 98% sulfuric acid or piranha solution were applied on the surface using a micropipette for 1 min and 30 s, respectively, and rinsing with deionized water for 30 s. All pretreated specimens were cleaned in an ultrasonic machine for 10 min followed by air-drying.
Surface roughness measurement
A profilometer (Sultest-402, Mitutoyo, Kanagawa, Japan) equipped with a contact stylus gauge was used for surface roughness measurement (n=5). The instrument was calibrated using a standard reference specimen, and then set to travel at a speed of 0.1 mm/s. This procedure was repeated three times for each specimen with a measuring track of 2 mm. The distance between parallel tracks was set at 0.5 mm. The mean roughness average (Ra) for each specimen was calculated.
Microstructure observation of the surface
The surface structure topography of each pretreatment group (n=3) was examined under a scanning electron microscope [SEM] (JSM-5910LV, JEOL, Peabody, Massachusetts, USA) after sputter-coating with gold.
Fourier Transform Infrared Spectroscopy (FTIR) evaluation
The pretreated specimen surfaces (n=2) were analyzed using a Fourier Transform Infrared Spectroscope (FTIR) with an attenuated total reflectance device (Nicolet 6700, Thermo Scientific, Waltham, MA, USA). The spectra were scanned with 32 scans in the transmittance modes from 400 to 4,000 cm −1 . 
SBS measurement
Twenty pretreated specimens of each group were divided into two groups with and without adhesive (n=10). The specimens in each adhesive group were manually coated with a single microbrush application of Heliobond ® (Ivoclar Vivadent, Schaan, Liechtenstein) and placed in a customized split mold with an inner diameter of 3 mm and a height of 2 mm. The mold was filled with Filtek Z350XT™ Flowable Restorative ® (3M ESPE, St. Paul, MN, USA). The specimens were light-cured using Epilar ® (3M ESPE) (1,000 mW/cm 2 ) for 40 s and stored in 37°C distilled water for an additional 24 h prior to the SBS test. The specimen was fixed in a special jig to align a chisel-shaped rod parallel to the bond surface at the bonding interface. The SBS test was performed using a universal testing machine (Instron ® 5566, Norwood, MA, USA) at a crosshead speed of 1 mm/min until the resin composite cylinder came off. The failure force in newtons was recorded and divided the force with bond surface area (mm 2 ) resulting in megapascals (MPa).
Failure analysis
After failure occurred, the specimens were visually examined under a stereomicroscope (Stereomicroscope, OLYMPUS, Japan) at ×1.6 magnification. Failure modes were classified into four types: (1) Adhesive failure mode between PEEK and resin materials, (2) Cohesive failure mode within PEEK, (3) Cohesive failure mode within resin materials, and (4) Mixed failure mode with both cohesive and adhesive failures. Specimens were randomly chosen from each mode of failure for SEM observation at ×55 magnification.
Comparison of the cross-sectional image of the interface layer between PEEK and composite resin
Six specimens were produced for each surface pretreatment group and bonded with Heliobond ® and Filtek Z350XT™ Flowable Restorative ® . Three of them were cut using a diamond disc and polished with a Grinding & Polishing Machine at 150 rotations per minute, using 400, 800, 1200, 2000, 4000 grit SiC papers and 1 µm micropolish alumina suspension (Buehler). The other three samples were frozen with liquid nitrogen for 10 min and then cleaved to produce a sharp break at the interface (cryofracture technique). All specimens were examined under scanning electron microscopy.
Statistical analysis
The data were analyzed using two-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test (SPSS version 17, Chicago, IL, USA). The statistical significance level was set at α=0.05.
RESULTS
Surface roughness
The surface roughness values are summarized in Table  2 . The roughness values were significantly increased in the 98% sulfuric acid and sandblasting groups when compared with those in the piranha solution and control groups.
SEM evaluation
The characterization of the PEEK surface after different surface pretreatments as demonstrated by SEM at 5,000× and 20,000× magnification are shown in Fig. 1 . The control group demonstrated a smooth, homogenous, polished PEEK surface (Figs. 1-A.1 and  A. 2). The samples treated by 98% sulfuric acid were characterized by a sponge-like porous fiber network and sub-surface corrosion (Figs. 1-B.1 and B.2) . Small pits and filler particles were distributed throughout the surfaces in the piranha group (Figs. 1-C.1 and C.2) . The sandblasting group exhibited irregular, fissured surfaces with polygonal-shaped alumina oxide embedded in them (Figs. 1-D.1 and D.2) .
The interface layers in cross sectional view were examined under SEM (Fig. 2) . At 1,000×, all pretreatment groups demonstrated a bonding layer between the different materials for the sectioning technique (Figs. Fig. 2 Observation of treated layer of each pretreatment group in cross sectional view interface between PEEK (P) and resin materials (R). 
Fourier transform infrared spectroscopy
The spectra of FTIR patterns of each pretreatment group are shown in Fig. 3 . All four pretreatments produced a similar pattern. In the 98% sulfuric acid and piranha group, no significant peak was observed, especially in the presence of a hydroxyl group bond (−OH) of the sulfonic acid functional group [R-S(=O) 2−OH], which showed 
SBS after 24 h water storage
The SBS values are summarized in Table 2 . Two-way ANOVA analysis revealed significance on two main effects (pretreatment and bonding) and interaction (p<0.05). Tukey's multiple comparisons test suggested that the specimens in the 98% sulfuric acid and bonded with Heliobond ® group showed the highest SBS.
Failure analysis
Percentage of each failure mode were demonstrated in Table 3 . The representative of SEM observation at ×55 magnification of two found failure modes, adhesive and mixed mode, were shown in Fig. 4 . Adhesive failure mode (Fig. 4-A) was primarily found on the PEEK bonding surface in all groups except the 98% sulfuric acid bonded with Heliobond ® group which were predominantly detected as mixed failure mode (Figs.4-B and C) .
DISCUSSION
The result of the 98% sulfuric acid pretreatment with Heliobond ® group showed the highest SBS compared to other groups. Therefore, the null hypothesis was rejected.
Most previous studies utilized 98% sulfuric acid for 1 min in treating PEEK surfaces 13, 16, 18, 24) . The result of this study supported those of previous studies that 98% sulfuric acid-treated group could enhance the SBS, even without bonding. This might attribute to the solvent property of high concentration of sulfuric acid on PEEK 4) . The mixed failure mode (Figs. 4-B and C) also supported the improvement of SBS in the 98% sulfuric acidtreated group. The surface roughness values were also significantly increased in this group. In addition, SEM images showed the changes from a plain homogenous pattern to a complex fiber network with porosities and blister-like sub-surface in the 98% sulfuric acid treated group compared to the control group. However, FTIR analysis could not detect any new peak around 3,440 cm −1 , which has been claimed to represent the alcohol group bond of the sulfonic acid functional group 25, 26) . Therefore, it was assumed that an one-min application of 98% sulfuric acid could cause changes only in the surface characteristics, without creating any new functional groups.
Piranha solution, generally used for decontamination in the microelectronic industry, is a strong oxidizing agents 27) . It is a combination of highly-concentrated sulfuric acid and hydrogen peroxide, chemically termed peroxymonosulfuric acid. Previous studies have shown that piranha etching significantly increased the strength of the bonds between PEEK and dental adhesives by removing organic remnants, increasing surface polarity, and breaking aromatic structures. These led to an increase in the number of functional groups 19, 25, 26) . The finding of this study did not fully support those of previous studies because the result of FTIR did not show any new chemical spectra. In addition, piranha solution showed little effect on the roughness of PEEK as supported by SEM images (Figs. 1-C.1 and C. 2) which demonstrated small pits distributed with filler particles. This might attribute to a significant increase in SBS in the piranha with Heliobond ® group compared to the control group.
Sandblasting, commonly used in the field of dentistry, is another simple method of surface treatment. It increases surface roughness, creates a fresh surface layer and promotes micromechanical interlocking with dental adhesives. Previous studies have indicated that the variation of surface morphology from sandblasting significantly improved bond strength [19] [20] [21] [22] [23] 28) . In agreement to the previous study 18) , the SBS in the sandblasting group increased slightly. SEM images revealed an irregular fissure pattern with grooves and cracks without any pit or porous pattern. Moreover, the embedding of alumina powder in the PEEK surface (Fig. 1-D.1 ) may interfere with the application of bonding.
It seems that a pit or porous surface characteristics resulted from the pretreatment methods are responsible in the increase of SBS. This study is the first to use the cryofracture technique, which is found to be a better approach compared to the sectioning technique, in examining the interface. The sectioning technique can only confirm the contact between the PEEK and resin materials, without showing the tag formation in the bonding layer 16) . The advantage of the cryofracture technique is to preserve the polymer's morphological structure at the interface region by rapidly freezing with liquid nitrogen and breaking it with a sharp blow 29, 30) . A small gap was seen at the fracture interface, making the resin tags visible in relation to the pitted or porous PEEK surface (Figs. 2-B.2, B.3, C.2 and C.3) . In this study, the penetration of bonding agent into the subsurface of PEEK and the tag formations were clearly demonstrated in the cross sectional view of the cryofracture SEM images with a greater extent in the 98% sulfuric acid group than in the piranha group. Therefore, chemical etching appears to be the preferred method of surface treatment to improve the adhesion between PEEK and resin materials.
Generally, the dental adhesives were used with the attempt to improve bonding after surface pretreatments. Previous studies showed that Heliobond ® , a low viscosity unfilled resin bonding agent, could penetrate the early enamel lesions due to the high TEGDMA (triethyleneglycol dimethacrylate) content [31] [32] [33] [34] . This increased the capillary penetration and wetting ability of the resin, resulted in the facilitation of micromechanical bonding 35) . Moreover, this bonding agent had no additional functional monomer to cause any effect of chemical bonding to pretreated PEEK surface. The penetration of resin materials into the porosities confirmed the mechanical bonding between PEEK and resin materials.
The 98% sulfuric acid and piranha solution are hazardous materials and may cause serious damage from direct contact. Great care should be taken by the technician during the pretreatment procedure. Further studies on the concentration, duration and toxicity are needed.
CONCLUSIONS
Within the limitations of this in vitro study, it can be concluded that:
1. The SBS of resin composite on PEEK in the 98% sulfuric acid with Heliobond ® group was 27.36±4.44 MPa, which was statistically greater than those of the other groups (p<0.05). 2. The major factor in promoting adhesion between PEEK and resin materials appears to be micromechanical locking from penetration of bonding agent along the pits or pores, as evidenced by the tag formation that was found on the cryofracture interface surface. 3. Surface topography seems to affect the adhesion more than surface roughness. 
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